Abstract Hyperglycemia is the main feature for the diagnosis of diabetes mellitus (DM). Some studies have demonstrated the relationship between DM and dysfunction on neurotransmission systems, such as the purinergic system. In this study, we evaluated the extracellular nucleotide hydrolysis and adenosine deamination activities from encephalic membranes of hyperglycemic zebrafish. A significant decrease in ATP, ADP, and AMP hydrolyses was observed at 111-mM glucose-treated group, which returned to normal levels after 7 days of glucose withdrawal. A significant increase in ectoadenosine deaminase activity was observed in 111-mM glucose group, which remain elevated after 7 days of glucose withdrawal. The soluble-adenosine deaminase activity was significantly increased just after 7 days of glucose withdrawal. We also evaluated the gene expressions of ecto-nucleoside triphosphate diphosphohydrolases (E-NTPDases), ecto-5′-nucleotidase, ADA, and adenosine receptors from encephala of adult zebrafish. The entpd 2a.1, entpd 2a.2, entpd 3, and entpd 8 mRNA levels from encephala of adult zebrafish were decreased in 111-mM glucose-treated and glucose withdrawal groups. The gene expressions of adenosine receptors (adora 1 , adora 2aa , adora 2ab , and adora 2b ) were decreased in 111-mM glucose-treated and glucose withdrawal groups. The gene expression of ADA (ada 2a.1) was decreased in glucose withdrawal group. Maltodextrin, used as a control, did not affect the expression of adenosine receptors, ADA and E-NTPDases 2, 3, and 8, while the expression of ecto-5′-nucleotidase was slightly increased and the E-NTPDases 1 decreased. These findings demonstrated that hyperglycemia might affect the ecto-nucleotidase and adenosine deaminase activities and gene expression in zebrafish, probably through a mechanism involving the osmotic effect, suggesting that the modifications caused on purinergic system may also contribute to the diabetes-induced progressive cognitive impairment.
Introduction
The incidence of diabetes mellitus (DM) is increasing rapidly worldwide, reaching approximately 382 million people [1] . According to International Diabetes Federation (2013) [1] , there is an alarming estimate that this number will raise to 582 million people by 2035. DM is a chronic disease, characterized by hyperglycemia, resulting from defects in insulin secretion, insulin action, or both [2, 3] . The effects of this disease are being strongly associated with neurophysiological, neurochemical, and behavioral modifications in brain of patients that are also observed in animal model of DM [4] [5] [6] [7] [8] .
Several studies have shown that dysfunction of synaptic plasticity in diabetic subjects may be related to the inefficiency of neurotransmitter release [9, 10] . One possible strategy to correct the changes in synaptic efficiencies caused by DM can be through of analysis of the presynaptic neuromodulation systems, as purinergic system [11, 12] . Adenine nucleotides represent an important class of extracellular molecules involved in modulation of signaling pathways that are essential to the normal functioning of the central nervous system (CNS) [13] .
Purine nucleotides, ATP, ADP and AMP, and the nucleoside, adenosine, act as extracellular messengers, and their levels are controlled by a cascade of ecto-enzymes, including ecto-nucleoside triphosphate diphosphohydrolases (ENTPDases), ecto-nucleotide pyrophosphohydrolases/ phosphodiesterases (ecto-NPPs), ecto-alkaline phosphatases (APs), and ecto-5′nucleotidase [14, 15] . The hydrolysis of ATP to AMP is catalyzed mainly by a family of ENTPDases. E-NTPDases-targeted therapies have been conducted in an experimental stage based on the increasing of scientific reports about the role of these enzymes on the control of extracellular levels of ATP in pathological conditions, including diabetes [16, 17] . The nucleotide AMP is hydrolyzed to adenosine, an important neuromodulator, by the action of an ecto-5′-nucleotidase (CD73 and EC 3.1.3.5) [18] [19] [20] . Extracellular concentrations of adenosine are also regulated by the interplay of equilibrative and concentrative nucleoside transporters with enzymes of adenosine metabolism, as adenosine deaminase [21] .
Some authors have suggested that diabetic conditions may alter the purinergic tonus by inducing adaptive changes of the sensibility of adenosine receptors in the brain [22, 23] . Also, [24] demonstrated that ATP, ADP, and AMP hydrolyses were increased in synaptosomes from STZinduced diabetic rats, and also, Lunkes et al. (2004) [25] demonstrated that diabetic rats show an increase in NTPDase and 5′-nucleotidase activities.
Considering the importance to control nucleotides and nucleosides levels to the properly neurotransmission in CNS functioning and that cognitive impairment is a long-term consequence of diabetes mellitus, the aim of the present study was to evaluate the activity and expression of these enzymes and adenosine receptors in adult zebrafish submitted to a hyperglycemia model.
Material and methods

Animals
Adult zebrafish (Danio rerio) wild type (Tübingen background; 3-5 cm) of both sexes were purchased from commercial suppliers and acclimated for at least 14 days in the experimental room. Animals were housed in groups of 15 fish in 5-L thermostated (28 ± 2°C) tanks with water of reverse osmosis reconstituted with 0.4-ppt marine salt (Cristalsea ™ , Marinemix), kept under constant chemical, biological, and mechanical water filtration and aeration (7.20 mg O 2 /L). Fish were maintained under a 14-10-h day/night photoperiod cycle, fed three times a day with commercial flakes (TetraMin ™ , NC, USA), and supplemented with live brine shrimp. All fish used in these experiments were randomly chosen from different clusters. The animals were submitted to hypothermia by exposure to ice water flocked followed by decapitation as end point. All protocols were approved by the Institutional Animal Care Committee (12/00310-CEUA PUCRS) and followed Brazilian legislation, the guidelines Federal Council of Veterinary Medicine (CFMV), and the Canadian Council for Animal Care (CCAC) BGuide on the Care and Use of Fish in Research, Teaching, and Testing.D rugs Glucose was purchased from Nuclear ™ (São Paulo, Brazil).
Trizma base, EDTA, ethylene glycol tetraacetic acid (EGTA), sodium citrate, Coomassie blue, bovine serum albumin, malachite green, ammonium molybdate, polyvinyl alcohol, nucleotides, calcium, and magnesium chloride were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Magnesium chloride, phenol, and sodium nitroprusside were purchased from Merck (Darmstadt, Germany). All other reagents used were from analytical grade.
Hyperglycemia model
Groups of 15 adult animals were placed in 5-L aquariums containing 111 mM glucose solution, which were diluted in water and maintained during 14 days at room temperature as described in previous section according to Capiotti et al. (2014a) [8] . The solutions of glucose were exchanged three times per week to avoid contamination with opportunistic microorganisms. Control group (no glucose added) and dextrin group (4 % maltodextrin dissolved in water) animals were maintained in 5-L aquariums for the same period and conditions as the glucose-treated groups. The glucose-treated and dextrintreated animals were placed in its respective treatments and monitored for signs of stress as such as difficulty for swimming or excessive gill movement [26] .
Withdrawal of glucose
In order to verify if the effects caused by 111-mM glucose solution treatment would be persistent, a group of 15 fish was kept in glucose-free water by additional 7 days (washout group, no glucose added) [8] . During this period, the animals were maintained at the same conditions of welfare described in previous section. Control group animals were maintained in aquariums with water for the same period and were handled as washout group.
Preparation of soluble and membrane fractions from zebrafish encephalon
The animals were cryoanesthetized and euthanized by decapitation, and encephalon was dissected [27] . Encephalic samples were prepared as previously described, and each independent experiment was performed using biological preparations consisting of a Bpool^of five encephala [28] [29] [30] . Following the dissection, the whole zebrafish encephalon was homogenized in a glass-Teflon homogenizer according to the protocol for each enzyme assay. For E-NTPDase and ecto-5′-nucleotidase assays, zebrafish encephalon was homogenized in 60 vol (v/w) of chilled Tris-citrate buffer (50 mM Tris-citrate, 2 mM EDTA, 2 mM EGTA, and pH 7.4). For ecto-ADA experiments, encephalon was homogenized in 20 vol (v/w) of chilled phosphate-buffered saline (PBS), with 2 mM EDTA, 2 mM EGTA, and pH 7.4. The encephalic membranes were obtained as previously described [31] . The homogenates were centrifuged at 800×g for 10 min, and the supernatant fraction was subsequently centrifuged for 25 min at 40.000×g. The resultant supernatant and the pellet obtained corresponded to the soluble and membrane fractions, respectively. For soluble ADA activity experiments, the supernatant was collected and kept on ice for enzyme assays. The pellets of membrane preparations were frozen in liquid nitrogen, thawed, resuspended in the respective buffers (to ensure the lysis of the encephalic vesicle membranes), and centrifuged for 20 min at 40.000×g. The final pellets were resuspended and used for assays to ecto-nucleotidases and ecto-ADA. All samples were maintained at 2-4°C throughout preparations. Protein was measured by the Coomassie blue method [32] using bovine serum albumin as a standard.
Ecto-nucleotidase assays E-NTPDase and ecto-5′-nucleotidase assays were performed following previous described methods [28, 30] . Zebrafish encephalic membranes (3-5 μg protein) were added to the reaction medium containing 50 mM Tris-HCl (pH 8.0) and 5 mM CaCl 2 (for the E-NTPDase activity) or 50 mM TrisHCl (pH 7.2) and 5 mM MgCl 2 (for the ecto-5′-nucleotidase activity) at a total volume of 200 μL. The samples were preincubated for 10 min at 37°C, and the reaction was started by the addition of the substrate (ATP, ADP, or AMP) to a final concentration of 1 mM. The reaction was terminated after 30 min by the addition of 200 μL trichloroacetic acid at a final concentration of 5 %, and then, the samples were chilled on ice for 10 min. The colorimetric reagent composed by 2.3 % polyvinyl alcohol, 5.7 % ammonium molybdate, and 0.08 % malachite green was added (1 mL) in order to determine the inorganic phosphate released (Pi) [33] . The quantification of Pi released was determined spectrophotometrically at 630 nm, and the specific activity was expressed as nmol of Pi min
Controls with the addition of the enzyme preparation after the addition of trichloroacetic acid were used to correct non-enzymatic hydrolysis of the substrates. All enzyme reactions were performed with triplicate samples. At least seven independent experiments were performed.
Adenosine deaminase assays
Ecto-and soluble-ADA activities were determined as previously described [29] . The encephalic fractions (5-10 μg protein) were added to the reaction mixture containing 50 mM sodium phosphate buffer (pH 7.0) and 50 mM sodium acetate buffer (pH 5.0) for soluble and membrane fractions, respectively. The samples were preincubated for 10 min at 37°C, and the reaction was started by the addition of substrate (adenosine) to a final concentration of 1.5 mM, in a final volume of 200 μL. The reaction was stopped by the addition of 500-μL phenol-nitroprusside reagent (50.4 mg of phenol and 0.4 mg of sodium nitroprusside/ml) after 75 min (soluble fraction) and 120 min (membrane fraction). ADA activity was determined spectrophotometrically by measuring the ammonia produced over a fixed time interval using a Berthelot reaction according to [34] . The reaction mixtures were mixed to 500 μL of alkaline-hypochlorite reagent (sodium hypochlorite to 0.125 % available chlorine, in 0.6 M NaOH) and vortexed. Samples were incubated at 37°C for 15 min, and the colorimetric assay was carried out at 635 nm. The ADA activity was expressed as nmol of
Controls with the addition of the enzyme preparation after mixing with phenolnitroprusside reagent were used to correct the substrates' non-enzymatic hydrolysis. All enzyme reactions were performed with triplicate samples. At least five independent experiments were performed.
Gene expression analysis by quantitative real-time reverse transcription PCR
The gene expression of ADA subfamilies (ada1, ada2.1, and ada2.2) including an alternative splicing isoform (adaasi) and, an adenosine deaminase-like related gene (adal), adenosine receptor subtypes (adora 1 , adora 2aa , adora 2ab , and adora 2b ), ecto-nucleotidases (entpd1, entpd2a.1, entpd2a.2, entpd2-like, entpd3, and entpd8), and ecto-5′-nucleotidase (nt5e) were determined. 
Statistical analysis
The data are shown as mean ± SEM of at least seven (ectonucleotidase assays), five (adenosine deaminase assays), and four (molecular analysis) independent experiments. Data were analyzed by one-way ANOVA followed by Tukey post hoc test or Student's t test when appropriated. p < 0.05 was considered as significant.
Results
Blood glucose levels and mortality
The blood glucose levels of animals were already published by Capiotti et al. (2014b) [41] . The profile of blood glucose levels from the experimental groups showed an increase of 150 % in the 111-mM glucose-treated animals in relation to control group (control group 3.524 ± 0 . 2 3 7 0 m M a n d g l u c o s e -t r e a t e d g r o u p 8 . 8 3 ± 0.663 mM; p < 0.0001), while after 7 days of glucose withdrawal, the animals kept 50 % of increase of blood glucose levels in relation to the specific control (p = 0.02).
The dextrin group exhibited a slight decrease on blood glucose level in relation to control group (2.25 ± 0.1237 mM; p < 0.01). Only the 111-mM glucose-treated groups exhibited mortality during the period of treatment (20 %).
Nucleotide hydrolysis from encephalic membrane of zebrafish after hyperglycemia
We evaluated the influence of hyperglycemia on ATP, ADP, and AMP hydrolysis activities from encephalic membrane of adult zebrafish. compared to control groups. After 7 days of glucose withdrawal, the nucleotide hydrolysis returned to levels similar to control group (Fig. 1a-c) .
Nucleoside hydrolysis from encephalic membrane of zebrafish after hyperglycemia
After verifying that hyperglycemia modifies the ATP, ADP, and AMP hydrolyses from encephala of zebrafish, we observed whether the hyperglycemia was able to promote changes on ecto-ADA and soluble-ADA activities from encephalic membrane of adult zebrafish. Our results demonstrated that ecto-ADA activity was increased (61 %) in 111-mM glucose-treated animals ( (Fig. 2a) . We also evaluated soluble-ADA activity. Our results demonstrated that glucose-treated animals had their soluble-ADA activity unaltered, while after 7 days of glucose withdrawal, the soluble-ADA activity was significantly increased (38 %) [F (2; 19) = 53.87; p < 0.0001], when compared to control group (Fig. 2b) .
Effect of hyperglycemia on E-NTPDases, nt5e, ADA, and Adora gene expressions from encephala of adult zebrafish
Quantitative reverse transcription (RT)-PCR experiments were performed to verify whether the hyperglycemia could alter the expression of ecto-nucleotidases, ADArelated genes (ada1, ada2.1, ada2.2, adaasi, and adal) and adenosine receptors (adora 1 , adora 2aa , adora 2ab , and adora 2b ). The osmotic control, dextrin-treated animals, had also these selected gene expressions evaluated. Our results showed a decrease of the entpd 2a.1, entpd 2a.2, entpd 3, and entpd 8 gene expressions in both groups analyzed, 111-mM glucose and washout groups. Nevertheless, the entpd 1, entpd 2-like, and nt5e gene expressions did not change (Fig. 3 ).
Regarding ADA-related genes expression, we observed a decrease of the ada2.1 gene expression, while no changes were observed in the other isoforms of ada (Fig. 4) . Furthermore, the evaluation of adenosine receptors in encephala of zebrafish demonstrated that adora1, adora2a.1, adora2a.2, and adora2b were decreased in 111-mM glucose group. After 7 days of glucose withdrawal, only adora 1 adenosine receptor returned to levels similar to control group (Fig. 5) . Dextrin-treated animals had no effects on those genes affected by glucose in the glucose-treated animals (ada isoforms; adora isoforms; and entpd 2a.1, entpd 2a.2, entpd 3, and entpd 8), while nt5e expression was slightly increased (12 % in relation to control group; p = 0.048) and entpd1 decreased (30 % in relation to control group; p = 0.016). The asterisk represents a significant difference from control group (oneway ANOVA, followed by Tukey test as post hoc, P ≤ 0.05). The specific enzyme activity is reported as nmol of NH 3 min −1 mg −1 of protein Fig. 3 Effect of hyperglycemia on entpd1, entpd2a.1, entpd 2a.2, entpd2-like, entpd3, entpd8, and nt5e gene expressions in 111 mM glucose and glucose washout. Data are expressed as mean ± SEM of four independent experiments performed in quadruplicate Fig. 4 Effect of hyperglycemia on ada gene expression pattern in 111 mM glucose and glucose washout group. Data are expressed as mean ± SEM of four independent experiments performed in quadruplicate
Discussion
The purine-based therapy has long been encouraged by purine receptors agonism and antagonism, although the enzyme activity control has recently been receiving attention, especially the NTPDases [41] . In the present study, we evaluated the ENTPDases, ecto-5′-nucleotidase, and ADA activities from encephala in a model of hyperglycemia using zebrafish. We also evaluated the same biochemical parameters after 7 days of glucose withdrawal. After, we performed the evaluation of the E-NTPDases, ada-related, and adora gene expressions from encephala of adult zebrafish. The blood glucose levels from glucose-treated and washout animals demonstrated the same profile already developed in previous works [8, 42] . Nucleotides are important extracellular messengers in both physiological and pathological conditions [11] . After its release in the synaptic cleft, ATP can be catabolized to ADP, AMP, and adenosine. E-NTPDases and ecto-5′-nucleotidase action regulate the concentrations of ATP, ADP, and AMP by increasing/decreasing their hydrolysis with a consequent increase/decrease in adenosine levels [15] . Extracellular concentrations of adenosine might be regulated by adenosine uptake via bi-directional transporters [43] . Adenosine uptake followed by its phosphorylation to AMP by adenosine kinase or deamination to inosine by ecto-adenosine deaminase are two possible mechanisms able to promote the inactivation of adenosine signaling [44] [45] [46] .
Previous studies demonstrated that purinergic signaling was altered in rats submitted to diabetes mellitus. Schmatz et al. (2009a) [16] showed that extracellular nucleotide hydrolysis was increased in synaptosomes from the cerebral cortex of rats submitted to streptozotocin-induced diabetes. Lunkes et al. (2004) and Miron et al. (2007) [25, 47] also demonstrated an increase on the activities of the enzymes E-NTPDase and ecto-5′-nucleotidase in platelets and synaptosomes from the cerebral cortex of rats with alloxan-induced diabetes. In contrast to these results, our findings showed that hyperglycemia reduces significantly ATP, ADP, and AMP hydrolyses promoted by ENTPDases and ecto-5′-nucleotidase in zebrafish encephalic membranes. Likewise, Duarte et al. (2007) [48] demonstrated that ATP catabolism was decreased in diabetic rats, possibly due to decreased activity of ectonucleotidases.
The effect observed in ATP hydrolysis in encephalic membranes of zebrafish suggests that specific extracellular nucleotide-hydrolyzing enzymes may be involved in the effects observed. While we do not have specific information about the catalytic properties of ecto-nucleotidase isoforms expressed in zebrafish, assuming data from mammals and amphibian, the decrease in ATP hydrolysis seems here could involve NTPDase 2, due to hydrolysis ratio 30:1 (ATP:ADP) that contributes more effectively to ATP hydrolysis when compared with other NTPDases [15, 49, 50] . In fact, the expression of E-NTPDase 2 isoforms (entpd2a.1 and entpd2a) was significantly decreased in glucose-treated zebrafish. In this same way, the decrease in ADP hydrolysis could indicate a response to enptd3-and entpd8-reduced expressions in glucosetreated animals. Interestingly, the gene expression levels of nt5e have not changed, suggesting that the decrease of AMP hydrolysis observed is probably not directly related to nt5e gene expression control but possible by stoichiometric mechanism, since ADP and ATP are strong inhibitors of ecto-5′-nuleotidase [51] . Nucleotide hydrolyses were fully recovered after 7 days of glucose withdrawal, probably in function of the partial recovery of glycemic control.
ADA is located both in the cytosol and in the cell membrane, and the regulation of brain adenosine levels might be promoted by distinct ada members (ada1, ada2, and adal) [29, 52, 53] . Evidences suggest that ecto-ADA (ADA1) can be anchored to the cell membrane by the A 1 R adenosine receptor as well, in order to downregulate the signal produced by adenosine [54] . Our results demonstrated that ecto-ADA activity was significantly increased in 111-mM glucose group, suggesting a decrease in adenosine levels in synaptic cleft. There is some consensus that a decrease of adenosine levels could be related with cognitive impairment observed in diabetic rats [8, 55, 56] , which also could be suggested occurring in the zebrafish hyperglycemic model.
At least in human plasma, the soluble ADA has a high K M value for the reaction of deamination, suggesting that this enzyme requires a high adenosine concentration for its activity [57] . Previous studies have reported that the regulation of adenosine levels in intracellular and extracellular fractions in the zebrafish encephala might be promoted by distinct ada members (ada1, ada2, and adal), which have diverse gene Fig. 5 Effect of hyperglycemia on adora gene expression pattern in 111 mM glucose and glucose washout group. Data are expressed as mean ± SEM of four independent experiments performed in quadruplicate expression patterns and activity properties [25, 53] and might contribute for the regulation of adenosine levels in different manners.
The results demonstrated that the relative gene expression levels of ada (ada2.1) were significantly decreased in 111 mM glucose, suggesting that the increase of adenosine hydrolysis promoted by soluble ADA is probably not directly related to a reduced ada gene expression. The transcription machinery is continuously controlled by a complex signaling system, creating a set of signals able to adjust gene expression profile of the cell. The signal transduction can be exerted by proteins, products of enzyme reactions, or even toxins able to regulate transcription factors [58] . The phenomenon known as negative feedback loop [58, 59] , which is situated at the interface of genetic and metabolic networks, could explain, at least in part, the simultaneous increase of adenosine hydrolysis and the decrease of ada2.1 transcripts in zebrafish encephala.
Regarding the relative gene expression of adenosine receptors, we verified a decrease in mRNA transcripts of adora 1 , adora 2aa , adora 2ab , and adora 2b receptors in encephala of hyperglycemic zebrafish. Previous studies reported a change of adenosine sensitivity in the hippocampus of diabetic rats [22, 23, 60] , suggesting that diabetic conditions may also induce an adaptive change of the density of adenosine receptors in the brain. Faulhaber-Walter et al. (2011) [61] demonstrated that the decrease of adora 1 adenosine receptor signaling is strongly linked to impaired glucose tolerance and insulin resistance.
Osmotic insults and oxidative stress are important issues in the pathophysiology of diabetes [62] and probably are working together with other glucose effects, like glycation, to promote effects on protein or gene expression control. In fact, dextrin-treated zebrafish had no effect on adora, ada, and E-NTPD isoforms affected by glucose treatment, indicating that the osmotic imbalance promoted by glucose can operate in the effects seen here.
Previous studies from our group demonstrated that hyperglycemic zebrafish has impaired memory, probably by the incapacity to keep proper cholinergic signaling as a result of increased acetylcholinesterase activity [41] . As cholinergic system is closely related to purinergic system, based on the co-release of acetylcholine and ATP, and in the adenosine control of acetylcholine release [63] , the alteration on nucleotide and nucleoside metabolism detected after the hyperglycemic status could contribute to the neurophysiological disturbance that could implicate in the development of cognitive impairment.
Conclusions
The present study provides evidences that the purinergic signaling system is compromised in the central nervous system of zebrafish treated with 111 mM glucose. Molecular changes are observed even after 7 days glucose free. The modifications could lead to alterations in the modulation of neurotransmission, which may also contribute to the diabetes-induced progressive cognitive impairment.
